Cells respond to cytotoxic DNA double-strand breaks (DSBs) by recruiting DNA repair proteins to the damaged site. This recruitment is dependent on ubiquitylation of adjacent chromatin areas by E3 ubiquitin ligases such as RNF8 and RNF168, which are recruited sequentially to the DSBs. However, it is unclear what dictates the sequential order and recruits RNF168 to the DNA lesion. Here, we reveal that L3MBTL2 (lethal(3)malignant brain tumour-like protein 2) is the missing link between RNF8 and RNF168. We found that L3MBTL2 is recruited by MDC1 and subsequently ubiquitylated by RNF8. Ubiquitylated L3MBTL2, in turn, facilitates recruitment of RNF168 to the DNA lesion and promotes DNA DSB repair. These results identify L3MBTL2 as a key target of RNF8 following DNA damage and demonstrates how the DNA damage response pathway is orchestrated by ubiquitin signalling.
O ur genome is under constant threat from both endogenous and exogenous agents. To preserve genomic integrity, cells have evolved an intricate system called the DNA damage response system, as a single unrepaired double-strand break (DSB) can be lethal to the cell. This involves cell cycle arrest, transcriptional changes, DNA repair, and cell death in the event that the damage cannot be repaired 1 . In response to DSBs, cells recruit DNA repair proteins to the damaged site that extensively modify the adjacent chromatin 2 . Ubiquitin signalling plays an important role in coordinating the recruitment of DNA repair factors such as BRCA1 and 53BP1. Two critical factors in this early DNA damage signalling event are the RING-type ubiquitin E3 ligases RNF8 and RNF168 3, 4 . MDC1 recruits RNF8, which helps recruit RNF168. RNF168 then promotes the ubiquitination of histone H2A/H2AX, which is important for the recruitment of 53BP1 and BRCA1 [3] [4] [5] [6] [7] [8] [9] [10] [11] . However, it has been unclear how RNF8 promotes RNF168 recruitment, and an X factor was hypothesized to be a missing link between RNF8 and RNF168 12 . There has been considerable interest in the field in identifying this missing link ('protein X').
L3MBTL2 (lethal(3)malignant brain tumour-like protein 2), a putative polycomb group (PcG) protein, is essential for embryonic development and mutated in various malignancies [13] [14] [15] [16] . It possesses transcriptional repression activity and is involved in chromatin compaction 16, 17 . This function is mediated by various complexes of proteins, such as E2F6 and PRC1 subcomplexes, of which L3MBTL2 is a subunit 14, 16, 18, 19 . L3MBTL2 possesses a zinc finger domain at the N terminus and four centrally located MBT domains. These MBT domains recognize methylated histones 20 . Although another MBT domain containing protein, L3MBTL1, has been implicated in the DNA damage response pathway 21 , there are no reports on any roles of L3MBTL2 in the DNA damage response. In addition, mutations in L3MBTL2 are prevalent in various cancers including leukaemia, a disease characterized by alterations in multiple DNA repair proteins. For these reasons we wanted to explore the role of L3MBTL2 in the DNA damage response pathway. Here, we reveal that L3MBTL2 is the missing link between RNF8 and RNF168.
Results
L3MBTL2 plays a role in DNA damage response and is an ATM substrate. To test whether L3MBTL2 has a role in DNA damage response, we used a reporter system in U2OS cells 22 to induce one DSB per cell by I-SceI to examine the localization of L3MBTL2. Following induction of a DSB, we found that L3MBTL2 localized to the site of damage ( Fig. 1a,b ), suggesting that it has a possible role in the DNA damage response. L3MBTL2 also formed ionizing radiation-induced foci that overlapped with γ -H2AX 23 (Fig. 1c,d) . We further found that L3MBTL2 is phosphorylated at ATM/ATR consensus motifs in an ATM-dependent manner (Fig. 1e ). Analysis of L3MBTL2 protein sequence revealed two potential ATM-phosphorylation consensus sequences, S158 and S335 (Fig. 1f ). By mutating these putative ATM phosphorylation sites on L3MBTL2 individually or in combination, we found that S335 of L3MBTL2 is phosphorylated following DNA damage (Fig. 1g ). We next tested whether L3MBTL2 phosphorylation affects its localization following DNA damage. As shown in Fig. 1h -j, wild-type L3MBTL2 formed foci following exposure to irradiation while the phosphorylation mutant showed diffuse nuclear staining, suggesting that phosphorylation by ATM at S335 is required for the localization of L3MBTL2 to DNA damage sites.
ATM-mediated phosphorylation of L3MBTL2 promotes its interaction with MDC1 and recruits it to DSBs. We next investigated the mechanism of recruitment of L3MBTL2 to the DSB. We found that depletion of MDC1, an upstream mediator protein in the DNA damage response 6, 7, 24 , abolished L3MBTL2 localization to the DSB ( Fig. 2a-c ). In addition, co-immunoprecipitation (co-IP) experiments revealed that MDC1 and L3MBTL2 interact following DNA damage ( Fig. 2d ). This led us to test whether the interaction between MDC1 and L3MBTL2 was phosphorylation dependent. Indeed, the S335A mutant failed to interact with MDC1 in co-IP experiments ( Fig. 2e ). Thus, ATM-mediated phosphorylation of L3MBTL2 promotes its interaction with MDC1 and recruits it to DSBs.
MDC1 contains tandem BRCT domains and a FHA domain that recognize phosphorylated serine/threonine (pS/T)-containing motifs 4, 25, 26 . We found that the MDC1-L3MBTL2 interaction was dependent on the FHA but not BRCT domain of MDC1, both by co-IP and GST-pulldown assays ( Fig. 2f-h ). Furthermore, the phosphorylation mutant of L3MBTL2 was unable to interact with the FHA domain of MDC1 ( Fig. 2i ). Using GST-tagged FHA protein and either non phosphorylated or phosphorylated L3MBTL2 peptides, we validated that this binding between L3MBTL2 and MDC1 is, in fact, a direct interaction ( Fig. 2j ). These results were verified with the MDC1 FHA mutant R58A that disrupts the binding between the FHA domain and its partners 27, 28 (Fig. 2k-m) . The specificity of the L3MBTL2 antibody was verified by western blot and immunofluorescence ( Supplementary Fig. 1a . This L3MBTL2 focus (green) overlaps with γ H2AX (blue). The yellow box indicates the site of the cut. Top, schematics of the U2OS I-SceI reporter system. b, Quantification of U2OS I-SceI cells with both γ -H2AX and L3MBTL2 foci. c,d, L3MBTL2 forms radiation-induced puncta that overlaps with γ -H2AX in U2OS cells. Quantification (d) of the indicated foci with and without irradiation in U2OS cells. IR, irradiation. e-g, ATM phosphorylates L3MBTL2 at the S335 residue following DNA damage. The ATM inhibitor (ATMi) KU55933 was used as control. The protein sequence of L3MBTL2 is shown in f. Putative ATM phosphorylation sites are underlined and in bold. h-j, Phosphorylation of L3MBTL2 is required for recruitment of L3MBTL2 to DSB sites in U2OS cells. Mutation of the phosphorylation site on L3MBTL2 abrogates its localization to DSB sites. U2OS cells in which endogenous L3MBTL2 had been knocked out were transfected with the indicated GFP-tagged plasmids. Cells were exposed to 2 Gy irradiation and stained for γ -H2AX foci (red). Nuclei are stained with DAPI (blue). i, Quantification of L3MBTL2 foci in U2OS cells expressing the indicated plasmids with and without irradiation. Data are represented as the mean ± s.e.m. of n = 3 independent experiments. Dots depict individual data points. Statistical significance was calculated using 2-way ANOVA. **P = 0.000000005 for L3MBTL2 WT versus S335A with IR treatment. Source data are provided in Supplementary Table 1 . j, Expression level of the L3MBTL2 constructs in L3MBTL2-knockout and control U2OS cells. L3MBTL2 was knocked out in U2OS cells using CRISPR. GFP-tagged WT or S335A mutant of L3MBTL2 was transfected into these cells. Shown is the comparable expression level of L3MBTL2 in these cells. sgRNA, single guide RNA. Representative images of three independent experiments are shown in a,c,h. Scale bars, 10 µ m. Representative western blots in e,g,j are provided from 3 biologically independent experiments. Unprocessed blots are provided in Supplementary Fig. 5 . Supplementary Table 1 and Supplementary  Fig. 5 , respectively.
phosphorylation of γ -H2AX, which binds directly to and recruits MDC1 29, 30 . RNF8 and RNF168 are then recruited sequentially at this step in the DNA damage response pathway in an MDC1-dependent manner 3, 4, 31 . To understand the role of L3MBTL2 in the DNA damage response, we knocked down endogenous L3MBTL2 using shRNAs and probed various DNA damage response proteins. L3MBTL2 did not affect the recruitment of MDC1 or RNF8 to DSBs ( Fig. 3a-c) . Intriguingly, knockdown of L3MBTL2 abolished the localization of RNF168 to damage sites, suggesting that L3MBTL2 plays a role in its recruitment ( Fig. 3a-c ). Furthermore, in cells depleted of endogenous L3MBTL2 and reconstituted with WT or S335A L3MBTL2, we found that WT, but not the S335A mutant could rescue RNF168 foci ( Fig. 3d-f ). Since L3MBTL2 is a PcG, we wondered if the effects observed with L3MBTL2 knockdown were due to transcriptional effect and subsequent changes in RNF168 protein levels. However, we did not observe any significant alterations in RNF168 protein levels at the time points studied (Fig. 3c ). The levels of other regulators of RNF168, such as MDC1, RNF8 and UBC13, were also not affected ( Fig. 3c and Supplementary Fig. 4b,c) . In addition, we tested whether other PcG members, G9A, E2F6 or PCGF6, are able to regulate RNF168 foci. We did not observe any difference in RNF168 recruitment to DSBs following G9A knockdown ( Supplementary  Fig. 2a -c), E2F6 knockdown ( Supplementary Fig. 2d -f) or PCGF6 knockdown ( Supplementary Fig. 2g -i). Previously, another member of the L3MBT family, L3MBTL1, was reported to be involved in DNA DSB repair 21, 32 . To elucidate if the effects observed were specific to L3MBTL2, we knocked down endogenous L3MBTL1 in U2OS cells using shRNAs and probed for RNF168 foci. We did not observe any significant differences in RNF168 foci in control versus knockdown cells ( Supplementary Fig. 2j -l). Collectively, these results suggest that the role of L3MBTL2 in RNF168 regulation is distinct both from other family members and from its role in epigenetic regulation.
To understand the molecular basis of these observations, we performed co-immunoprecipitation experiments to look at interacting partners of L3MBTL2. Interestingly, both RNF8 and RNF168 were pulled down with endogenous L3MBTL2 following DNA damage ( Fig. 3g and Supplementary Fig. 2m ,n). Furthermore, the RNF168-L3MBTL2 interaction, but not the MDC1-L3MBTL2 interaction, was dependent on RNF8 ( Fig. 3h and Supplementary Fig. 2o ). In contrast, knockdown of RNF168 did not affect the interaction between RNF8 and L3MBTL2 ( Supplementary Fig. 2n ). The results were validated with the FHA mutant of MDC1 and phosphorylation mutant of L3MBTL2 ( Supplementary Fig. 2p ,q). In addition, formation of radiation-induced L3MBTL2 foci was independent of RNF8 ( Supplementary Fig. 2r-t) . Taken together, our data suggests that L3MBTL2 interacts with RNF168 in a RNF8-dependent manner and regulates RNF168 foci formation. This is very similar to the protein X proposed to recruit RNF168 12 and led us to hypothesize that L3MBTL2 is a key RNF8 substrate that provides an initial binding platform for RNF168 following DNA damage.
RNF8-mediated K63-linked ubiquitylation of L3MBTL2 following DNA damage is critical for the interaction with UDM1 of RNF168 and subsequent histone ubiquitylation.
To test our hypothesis that L3MBTL2 is the key RNF8 substrate that recruits RNF168 to DSBs, we determined whether L3MBTL2 is an obligate substrate of RNF8. To test this, we examined L3MBTL2 ubiquitylation before and after DNA damage. We observed robust ubiquitylation of L3MBTL2 following DNA damage (Fig. 4a ). Knockdown of RNF8 greatly reduced the ubiquitylation of L3MBTL2, suggesting that L3MBTL2 is ubiquitylated in a RNF8-dependent manner ( Fig. 4a and Supplementary Fig. 3a ). Similar defects in L3MBTL2 ubiquitylation was observed with the S335A mutant that is unable to localize to the DSB and in MDC1-depleted cells ( Supplementary  Fig. 3b,c ), suggesting that the ubiquitylation of L3MBTL2 occurs at the sites of DNA damage. When we examined the linkage of L3MBTL2 ubiquitylation, we found that L3MBTL2 was mainly ubiquitylated through K63-specific chains, which are predominantly involved in recruiting proteins to DSB sites 33 (Fig. 4b) . To check whether a direct interaction with RNF8 is required for DNAdamage-induced K63-linked polyubiquitylation of L3MBTL2, we used bacterially expressed recombinant proteins. Based on published literature, we used Ubc13/Ube2V as the E2 conjugating enzyme 10 . Again, we observed polyubiquitylation of L3MBTL2 only in the presence of RNF8 (E3) in vitro (Fig. 4c) . These results suggest that RNF8 directly regulates K63-linked ubiquitin chain formation on L3MBTL2.
To further characterize how RNF8 and L3MBTL2 couple ubiquitin-dependent DSB signalling in the accrual of RNF168 to DSBs, we used recombinant Ub-binding domains of RNF168 34 . The reaction mixture from Fig. 4c was incubated with RNF168 WT, UDM1 or UDM2 proteins immobilized on GST beads in the presence or absence of the E3 ligase RNF8. Interestingly, ubiquitylated L3MBTL2 only bound to the UDM1 domain of RNF168 (Fig. 4d ). This is consistent with the previous reports that UDM1 domain of RNF168 is important for its recruitment 5, 35 . As a test of specificity, we mutated sites on RNF168 that have previously been reported to be important for its association with RNF8-mediated K63-linked ubiquitin products 3, 12, 36 . Indeed, mutation of these sites reduced the interaction between L3MBTL2 and UDM1 ( Fig. 4e ). Furthermore, in accordance with previous reports, UDM1 was only able to recognize K63-linked ubiquitin linkages ( Fig. 4f ). These results suggest that RNF8-ubiquitylated L3MBTL2 directly interacts with UDM1 domain of RNF168 via K63-linked ubiquitin chains.
While this manuscript was in preparation, Thorslund et al. reported that histone H1 undergoes K63-linked polyubiquitylation by RNF8, which then anchors RNF168 onto DSBs 37 . Contrary to their report, we did not observe any significant alterations in RNF168 accrual to DSBs following histone H1 knockdown using the same cocktail of siRNAs and same cell line that they used ( Supplementary  Fig. 3d-f ). In a direct comparison between L3MBTL2 knockout and histone H1 knockdown, only L3MBTL2 consistently reduced BRCA1 and 53BP1 foci formation ( Supplementary Fig. 3g -i). We also did not observe any changes in H2A K15 ubiquitylation with histone H1 knockdown ( Supplementary Fig. 3h ). Moreover, Thorslund et al. used the high-mobility group protein HMGB1 that nonspecifically competes with histone H1 for chromatin binding to suppress RNF168 foci. However, we did not observe any alterations in RNF168 foci formation using the same protocol ( Supplementary Fig. 3j-l) . Finally, the authors reported that RNF8 mediates K63-linked polyubiquitylation of histone H1 following DNA damage as part of the DNA damage response. However, we did not have the same observations and, in fact, observe a single band the same molecular weight as monoubiquitylated histone H1, which, following the deubiquitinase USP2 treatment, shifted down to the size of unmodified histone H1, suggesting that histone H1 undergoes monoubiquitylation following DNA damage induction ( Supplementary Fig. 3m ). No interaction between histone H1 and UDM1 was observed as well ( Supplementary Fig. 3n ). Using the same K63 Super UIM pulldown approach and the same histone H1.x antibody, we were unable to detect any histone H1 ubiquitylation even though a robust L3MBTL2 ubiquitylation was detected ( Supplementary Fig. 3o ). Other reports also failed to observe histone H1 polyubiquitylation 34, 38 . Together, these results raise the question whether, indeed, histone H1 couples the ubiquitin signalling after DNA damage. We also tested whether histone H1 and L3MBTL2 interact to mediate the effect observed. However, we did not observe any interaction between L3MBTL2 and histone H1 ( Supplementary Fig. 3p ). Taken together, our data demonstrates that L3MBTL2, rather than histone H1, links the aforementioned signalling pathway. Gy irradiation in L3MBTL2-knockout U2OS cells expressing WT or the phosphorylation mutant of L3MBTL2 (S335A). f, Western blot showing the expression level of WT and S335A mutant of L3MBTL2. g, MDC1, RNF8 and RNF168 interact with endogenous L3MBTL2 following DNA damage. Cells were exposed to the indicated doses of irradiation. Lysates were collected after an hour and proteins interacting with L3MBTL2 were assessed. h, DNAdamage-induced interaction between RNF168 and L3MBTL2 is dependent on RNF8. Knockdown of RNF8 using shRNA does not affect the interaction between endogenous MDC1 and L3MBTL2. Cells were exposed to the indicated doses of irradiation. Lysates were collected after an hour and proteins interacting with L3MBTL2 were assessed. Data in a,d are represented as the mean ± s.e.m. of n = 3 independent experiments. Dots depict individual data points. Statistical significance was calculated using 2-way ANOVA. *P < 0.05, **P < 0.01 (vector versus all other groups). Please refer to Supplementary  Table 1 for exact P values in a,d. The experiments in b,e were repeated 3 independent times with similar results. Representative western blots in c,f-h are provided from 3 biologically independent experiments. Scale bars, 10 μ m. Source data and unprocessed blots are provided in Supplementary Table 1 and Supplementary Fig. 5 , respectively. Cells were subjected to control or 10 Gy irradiation. Lysates were collected after 1 h. The interaction between the indicated proteins was analysed. Blots were probed with the indicated antibodies. b, MDA-MB-231 cells were transfected with the indicated constructs. Cells were exposed to the indicated doses of radiation and lysed after an hour. Immunoprecipitation was performed using nickel (His) beads. Blots were probed with the indicated antibodies. c, RNF8 ubiquitylates L3MBTL2 in vitro. The indicated recombinant proteins along with their required cofactors were incubated at 30 °C for 1 h. The reaction was analysed by western blot. Blots were probed with the indicated antibodies. d, L3MBTL2 interacts with recombinant UDM1 domain of RNF168 in vitro in an RNF8-dependent manner. The indicated GST-tagged constructs of RNF168 were incubated with the reaction product of c with and without RNF8 for an hour. The result was analysed by western blot and blots were probed with the indicated antibodies. e, Mutations in the UDM1 domain of RNF168 reduces its interaction with L3MBTL2. The reaction product from c was incubated with the indicated GST-tagged UDM1 constructs for an hour. The result was analysed by western blot and blots were probed with the indicated antibodies. f, L3MBTL2 interacts with UDM1 through K63-linked ubiquitin chains. The indicated recombinant proteins (without UDM1 GST) along with required cofactors were incubated at 30 °C for 1 h. The reaction product was incubated with GST-tagged UDM1 construct for an hour. The reaction was analysed by western blot. Blots were probed with the indicated antibodies. Representative western blots are provided from 3 biologically independent experiments in a-f. Unprocessed blots are provided in Supplementary Fig. 5 .
DNA-damage-induced RNF8-mediated ubiquitylation of L3MBTL2 is critical for DNA DSB repair.
To reveal the mechanism underlying RNF168 recruitment to DSBs by L3MBTL2, we mapped the residue on L3MBTL2 that is ubiquitylated by RNF8. We used the publicly available database PhosphoSite 39 to identify possible ubiquitylation sites. We mutated candidate lysines and found that mutation at lysine 659 (K659) abolished L3MBTL2 ubiquitylation following DNA damage, suggesting that K659 was the site of Fig. 5 | DNA-damage-induced RNF8-mediated ubiquitylation of L3MBTL2 is critical for DNA DSB repair. a, L3MBTL2 is ubiquitylated at K659 following DNA damage. The indicated plasmids and His-tagged wild-type ubiquitin (His WT Ub) were transfected into L3MBTL2-knockout cells. Lysates were acquired an hour following 10 Gy irradiation and subjected to immunoprecipitation. b, RNF8 is required for the interaction between the UDM1 domain of RNF168 and L3MBTL2 in vitro. The indicated recombinant proteins were incubated with L3MBTL2 purified from L3MBTL2-knockout cells expressing the indicated plasmids. Immunoprecipitation was performed with GST-tagged UDM1 protein. c, Ubiquitylation of L3MBTL2 is required for its binding with recombinant UDM1 domain of RNF168 in vitro. L3MBTL2-knockout cells expressing the indicated L3MBTL2 constructs were exposed to the indicated doses of irradiation, lysed after an hour. L3MBTL2 was purified from these lysates and incubated with GST-tagged UDM1 domain of RNF168 for an hour. d, Ubiquitylation is important for the interaction between RNF168 and L3MBTL2 but not MDC1. e, The ubiquitylation mutant (K659R) fails to form radiation-induced RNF168 foci. f, Analysis of irradiation induced H2A ubiquitylation by RNF168 in chromatin fraction of L3MBTL2-knockout cells expressing the indicated plasmids. KO, knockout. g, Loss of L3MBTL2 sensitizes cells to irradiation. Survival assays of L3MBTL2-knockout MDA-MB-231 cells treated as indicated and exposed to the indicated doses of irradiation. Data are represented as the mean ± s.e.m. of n = 3 independent experiments in e,g. Dots depict individual data points. Statistical significance was calculated using 2-way ANOVA. *P < 0.05, **P < 0.01 (vector vs all other groups) in e. Please refer to Supplementary Table 1 for exact P values. P = 0.0001 for vector vs all other groups at each time point in g. Representative western blots are provided from 3 biologically independent experiments in a-d,f. Source data and unprocessed blots are provided in Supplementary Table 1 and Supplementary Fig. 5 , respectively. We propose that ATM-mediated phosphorylation of L3MBTL2 promotes its interaction with MDC1 and recruits it to the DSB site. It is subsequently ubiquitylated by RNF8, which recruits RNF168 to the damage site. RNF168, in turn, monoubiquitylates H2A-type histones to amplify the DNA damage response and recruit downstream DNA repair proteins for proper DSB signalling. Data are represented as the mean ± s.e.m. of n = 4 independent experiments for a. In c, data from two independent experiments are shown with a line indicating the mean. Dots depict individual data points. Scale bars, 10 µ m. Statistical significance was calculated using 1-way ANOVA in a (P = 0.0001 for all groups versus control shRNA). Representative western blots in b,d are from 4 and 2 biologically independent experiments, respectively. Source data and unprocessed blots are provided in Supplementary Table 1 and Supplementary Fig. 5 , respectively.
RNF8-mediated ubiquitylation (Fig. 5a ). Moreover, WT L3MBTL2, but not the K659R mutant, was able to be ubiquitylated by RNF8 in vitro (Fig. 5b) . The mutation at K659 also affected the recognition of ubiquitin chain of L3MBTL2 by the UDM1 domain of RNF168 both in cells and in vitro (Fig. 5b,c) . Importantly, the ubiquitylation mutation abolished the binding between RNF168 and L3MBTL2 without affecting the MDC1-L3MBTL2 interaction in cells (Fig. 5d ). These results suggest that RNF8-mediated ubiquitylation of L3MBTL2 at K659 is critical for the RNF168-L3MBTL2 interaction.
To assess if ubiquitylation of L3MBTL2 affects the function of RNF168 in DNA damage response, we used L3MBTL2-knockout U2OS cells. We reconstituted WT or K659R mutant and exposed the cells to radiation to induce DNA damage. While the K659R mutant was able to form L3MBTL2 foci, the K659R mutation compromised RNF168 foci formation ( Fig. 5e and Supplementary Fig. 4a ). The recruitment of DNA repair proteins upstream of RNF168 such as γ -H2AX and RNF8 was unaffected by K659R mutation. However, recruitment of downstream proteins such as BRCA1 and 53BP1 was hampered ( Fig. 5e and Supplementary Fig. 4a ). Moreover, expression of the K659R mutation did not alter the protein levels of key DNA repair proteins, such as DNA-PK, MDC1, RNF8, RNF168, BRCA1 and UBC13 ( Supplementary Fig. 4b,c ). It has been reported that RNF168 catalyses histone H2A ubiquitylation at K13/15 to facilitate the recruitment of downstream factors 12 . We examined H2AK15 ubiquitylation using a specific antibody recognizing H2A K15 Ub 40 . Consistent with RNF8 and RNF168 knockdown results that have been reported, L3MBTL2 knockout suppressed DSB-induced H2A ubiquitylation (Fig. 5f ). Re-expression of WT L3MBTL2 rescued H2A ubiquitylation while reconstitution of the K659R or S335A mutant failed to do so (Fig. 5f ). Taken together, our results support the notion that RNF8-mediated K63-linked polyubiquitylation of L3MBTL2 underlies RNF168 recruitment to DSBs by facilitating the interaction between ubiquitylated L3MBTL2 and the UDM1 domain of RNF168 and enables recruitment of downstream repair proteins.
If our hypothesis that L3MBTL2 is a critical DNA DSB repair protein is true, we expect the L3MBTL2-knockout cells to be sensitive to radiation. To test this hypothesis, we knocked out endogenous L3MBTL2 in MDA-MB-231 breast cancer cells and subsequently exposed them to radiation. Indeed, L3MBTL2deficient MDA-MB-231 cells were more sensitive to radiation compared to parental cells ( Fig. 5g and Supplementary Fig. 4d ), suggesting that L3MBTL2 does, in fact, play a role in the DNA damage response. Loss of RNF168 alone or together with L3MBTL2 sensitized the cells to irradiation to a similar extent, suggesting that L3MBTL2 and RNF168 are in the same pathway. Expression of WT L3MBTL2 conferred radioresistance while the K659R mutant was sensitive to irradiation ( Supplementary Fig. 4e,f) . Similar results were observed with U2OS cells, suggesting that the radiosensitivity observed with loss of L3MBTL2 is independent of p53 status ( Supplementary Fig. 4g,h) . These results offer a potential therapeutic option for cancers with mutations in L3MBTL2. Finally, global reduction in ubiquitin irradiation-induced foci was observed with L3MBTL2 deficiency, suggesting that L3MBTL2 is a key player in this pathway ( Supplementary Fig. 4i,j) .
We also sought to identify the domain(s) of L3MBTL2 responsible for the effects observed. Each domain of L3MBTL2 was deleted individually and the effect of the deletion on RNF168 foci formation was assessed. As shown in Supplementary Fig. 4k ,l, deletion of any of the four MBT domains abolished radiation-induced RNF168 foci formation. This is most likely to be due to disruption of the protein structure. Further research is warranted in this avenue to decipher the role of these domains in the DNA damage response.
L3MBTL2 regulates class switch recombination and chromosome end fusions. Given that RNF8 and RNF168 ubiquitin ligases are essential for class switch recombination 41 and telomere-telomere fusions after loss of TRF2 42 , we assessed the effect of L3MBTL2 knockdown on these processes. As shown in Fig. 6a-d , knockdown of L3MBTL2 abrogated both processes. Epistasis between RNF8-L3MBTL2 and RNF168-L3MBTL2 was also observed, further suggesting that these proteins are in the same pathway. Taken together, our results indicate that L3MBTL2 mediates RNF8-RNF168 signalling and is important for DNA DSB repair and physiological processes.
Discussion
Aberrations in DNA damage response signalling cascade can lead to diseases such as cancer. Ubiquitin modification plays a key role in DNA damage response, and so identifying critical players in this pathway is important for advancing the field. In this study, we propose that L3MBTL2 is the missing link between the E3 ubiquitin ligases, RNF8 and RNF168, and explain how RNF168 UDMs impart such high-level specificity for their respective targets. This is also the first report to our knowledge linking L3MBTL2 to DNA damage response. Our findings suggest a model in which sequential phosphorylation by ATM and subsequent recruitment of L3MBTL2 to DSB sites allow RNF8-mediated K63-linked ubiquitylation of L3MBTL2 to promote ubiquitin-dependent protein recruitment, i.e. the recruitment of RNF168, to sites of DNA DSBs. RNF168 subsequently ubiquitylates proteins such as histone H2A to trigger recruitment of additional DSB repair proteins such as 53BP1 and BRCA1 to promote DSB repair (Fig. 6e ).
While this project was in progress, it was reported that histone H1 is the key signalling intermediate between RNF8 and RNF168 37 . We tried to determine how histone H1 plays into our observations with L3MBTL2. However, we were unable to reproduce their observations using the same reagents and cell lines ( Supplementary Fig. 3 ). We knocked down histone H1 with RNAi but were unable to observe the defect in histone H2A ubiquitylation or the assembly of RNF168 and its downstream factors at DSBs. The knockdown efficiency achieved by our group seems to be comparable to what was reported in the previous report, although we cannot completely exclude the possibility that the discrepancy might be caused by a difference in knockdown efficiency of histone H1. Over the last few decades, other groups have studied histone H1 ubiquitylation, and like us, have only observed monoubiquitylation of this histone 34, 38 . In addition, histone H1 has been observed to move away from the DSB site 43 . This decreases the likelihood that histone H1 is the platform for RNF168 recruitment. Together, these results support of a key role of L3MBTL2 as signalling intermediate in the ubiquitindriven DSB signal transduction cascade.
In conclusion, our findings challenge the current model that histone H1 is the major linker between RNF8 and RNF168 for H2A and H2AX ubiquitylation during DNA DSB repair 37 . We suggest that L3MBTL2 is the missing link between RNF8 and RNF168 (Fig. 6e) . Therapeutically, L3MBTL2 mutation in cancer patients might enhance the efficacy of DNA damaging agents.
Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41556-018-0071-x.
Telomere fusion assay. The assay was performed as described previously with slight modification 50 . Briefly, RNF8, RNF168, L3MBTL2 or a combination of these was knocked down in TRF2 F/F MEFs using shRNAs. 40 h later, cells were infected with lenti-Cre. 96 h after infection, cells were treated with KaryoMAX Colcemid (0.5 μ g ml −1 ) for 5 h. All cells including detached cells were harvested, incubated for 12 min at 37 °C in 0.075 M KCl, and fixed in freshly prepared methanol:glacial acetic acid (3:1 vol/vol). Cells were stored at 4 °C and when needed dropped onto wet slides and air-dried. PNA FISH was performed by the Mayo Clinic Cytogenetics Core using the Telomere PNA fluorescence in situ hybridization (FISH) kit (cat. no. K532611-8, Agilent) following manufacturer's instructions. Images were acquired using fluorescent microscope.
Statistics and reproducibility. Data in bar and line graphs are presented as mean ± SEM of at least three independent experiments. More than 200 cells were counted per experiment for Figs. 1b,d,i, 2c, 3a,d and 5e and Supplementary  Figs. 2b,e,h,k,s, 3k and 4d ,i,k. Statistical analyses were performed with ANOVA (GraphPad Prism). Statistical significance is represented in figures by: *P < 0.05; **P < 0.01. All western blot assays shown here were successfully repeated at least three times.
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Experimental design 1. Sample size
Describe how sample size was determined.
No statistical method was used to predetermine sample size.
Data exclusions
Describe any data exclusions. No data were excluded from the analyses.
Replication
Describe whether the experimental findings were reliably reproduced.
At least 3 independent experiments were performed for all but PNA FISH ( Figure 6 , repeated 2 independent times). All findings were reliably reproduced.
Randomization
Describe how samples/organisms/participants were allocated into experimental groups.
Samples were randomly allocated into experimental groups prior to treatment. For example, since most of our experiments involved cells, plates were randomly alloted to groups.
Blinding
Describe whether the investigators were blinded to group allocation during data collection and/or analysis.
One individual performed the experiment while another individual (blinded to the group allocation) performed the analysis.
Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.
Statistical parameters
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the Methods section if additional space is needed).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)
A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same sample was measured repeatedly A statement indicating how many times each experiment was replicated
The statistical test(s) used and whether they are one-or two-sided (note: only common tests should be described solely by name; more complex techniques should be described in the Methods section)
A description of any assumptions or corrections, such as an adjustment for multiple comparisons
The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)
Clearly defined error bars
See the web collection on statistics for biologists for further resources and guidance.
